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Citrus sudden death (CSD), a new disease of unknown etiology that affects sweet orange grafted on Rangpur lime, was visually monitored for 14 months in 41 groves in Brazil. Ordinary runs analysis of CSD-symptomatic trees indicated a departure from randomness of symptomatic trees status among immediately adjacent trees mainly within rows. The binomial index of dispersion (D) and the intraclass correlation (k) for various quadrat sizes suggested aggregation of CSD-symptomatic trees for almost all plots within the quadrat sizes tested. Estimated parameters of the binary form of Taylor's power law provided an overall measure of aggregation of CSD-symptomatic trees for all quadrat sizes tested. Aggregation in each plot was dependent on disease incidence. Spatial autocorrelation analysis of proximity patterns suggested that aggregation often existed among quadrats of various sizes up to three lag distances; however, significant lag positions discontinuous from main proximity patterns were rare, indicating a lack of spatial association among discrete foci. Some asymmetry was also detected for some spatial autocorrelation proximity patterns, indicating that within-row versus across-row distributions are not necessarily equivalent. These results were interpreted to mean that the cause of the disease was most likely biotic and its dissemination was common within a local area of influence that extended to approximately six trees in all directions, including adjacent trees. Where asymmetry was indicated, this area of influence was somewhat elliptical. Longer-distance patterns were not detected within the confines of the plot sizes tested. Annual rates of CSD progress based on the Gompertz model ranged from 0.37 to 2.02. Numerous similarities were found between the spatial patterns of CSD and Citrus tristeza virus (CTV) described in the literature, both in the presence of the aphid vector, Toxoptera citricida. CSD differs from CTV in that symptoms occur in sweet orange grafted on Rangpur lime. Based on the symptoms of CSD and on its spatial and temporal patterns, our hypothesis is that CSD may be caused by a similar but undescribed pathogen such as a virus and probably vectored by insects such as aphids by similar spatial processes to those affecting CTV.
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Considerable progress in the analysis of spatial and temporal patterns of epidemics has been made in the last two decades (5, 30, 41) . Spatial pattern in plant pathology may be defined as the arrangement of diseased plants relative to each other (14) . Temporal pattern, on the other hand, characterizes the progress of the intensity of the disease in relation to time, usually using mathematical models of growth (15) . In agroecosystems, these patterns originate from direct or indirect interactions among pathogen, host, environment, vector (when there is one), and man. The analysis of these patterns may allow inferences about the spatial process that give rise to them, such as the behavior of vectors (20, 32) and the influence of wind (22) or rain (35, 36) in the dissemination of pathogens.
The use of spatial and temporal patterns of diseased plants to make inferences about the nature of the causal agent is rarely discussed in plant pathology, in contrast to medical literature (9, 34, 41) . Collett (9) , referring to the epidemiology of human diseases, considered that "the aim of an epidemiological study is to investigate the cause, or etiology, of a disease or physiological condition." One reason for the limited use of plant epidemiology to investigate the etiology of plant diseases is the time necessary to obtain validated data for spatial and temporal patterns of diseased plants. Such data may not be available for newly emerging disease until reliable detection methods are developed, which requires knowledge of the pathogen and its etiology. Thus, the argument is circular. Therefore, in such cases we must rely on visual disease symptoms alone, the expression of which in perennial crop systems can be considerably separated in time from the period of infection.
Citrus sudden death (CSD) is a new disease of unknown etiology. To our knowledge, the first report of the disease was published in 2001 (16) based on symptomatic plants identified in Minas Gerais (in the counties of Comendador Gomes, Frutal, and Uberlândia) and São Paulo (in the counties of Altair, Barretos, Colômbia, and Guaraci), Brazil. The first observations of the disease were made in 1999 in 'Westin' sweet orange (Citrus sinensis) grafted on Rangpur lime (C. limonia) in Comendador Gomes. In December 1999, in the same area, similar symptoms were identified in other plantings of sweet oranges (cvs. Hamlin, Natal, Valencia, Pera, and Rubi), all grafted on Rangpur lime. Until present, there are no reports of the disease in 'Cleopatra' (C. reticulata) and 'Sunki' (C. sunki) mandarins, 'Swingle' citrumelo (Poncirus trifoliata × C. paradisi), and P. trifoliata rootstocks (16).
The initial symptoms of CSD are characterized by a generalized foliar discoloration. The tree also shows partial defoliation, fewer than normal new shoots, and the absence of internal shoots. These symptoms intensify as the disease develops and culminates with the death of the tree. The fruit produced are usually normal in number, weight, and size and do not abscise from the dead or dying tree. Therefore, bloom, maturation, and harvesting of the fruit occur normally and before the sudden collapse of the diseased tree. Assuming a biotic nature of the malady, infection appears to be separated in time from the death of the plant (or the expression of symptoms in the canopy), which occurs abruptly in a few days. Symptom expression and tree death occur when the need for water absorption for the new shoots and maturing of the fruit is high. Roots of affected trees are characterized by death of a large portion of the root system that progresses from the root tips through roots of increasing size until the main scaffold roots are affected and die. CSD is also characterized by the development of a yellow stain in the phloem of the Rangpur lime rootstock (16) .
The time lapse between the first visible symptoms in the canopy and the death of the plant ranges from 1 to more than 12 months depending on the time of year (more rapid in the spring) and cultivar (more rapid in late-maturing cultivars). The number of symptomatic trees increased in the area where the disease was initially found from 500 in 1999 to more than 300,000 in February 2002, greatly alarming the Brazilian citrus industry (N. GimenesFernandes, unpublished data).
The sudden appearance of CSD symptoms and the rapid disease progress have similarities with the quick-decline form of citrus tristeza (2, 37) , caused by Citrus tristeza virus (CTV). CSD, however, affects sweet orange (cvs. Hamlin, Natal, Valencia, Pera, and Rubi) grafted on Rangpur lime (16) . This combination is tolerant to the decline form of citrus tristeza. CTV, on the other hand, affects sweet orange grafted on sour orange (2, 37) . Thus, for CSD, Rangpur lime plays the same role as sour orange does for the CTV pathosystem. Interestingly, ungrafted sweet orange (normally the scion) and ungrafted Rangpur lime (rootstock) are asymptomatic in areas affected by CSD in the same way that ungrafted sweet orange (scion) and sour orange (rootstock) are asymptomatic when infected by CTV. Of the 180 million sweet oranges grown in Brazil today, approximately 85% are grafted on Rangpur lime, and thus susceptible to the rapidly emerging CSD.
Methods for quantitative analysis of spatial patterns at a single point in time exist that take advantage of the binary (i.e., presence or absence) data generated by the assessment of the incidence of symptomatic plants. Ordinary runs analysis is a unidirectional test that can be used to assess aggregation within columns or rows in a population matrix of diseased plants (31) . The beta-binomial discrete distribution is the most appropriate distribution to examine spatial patterns of disease incidence of binary data for the presence of randomness within quadrats of different sizes (30) . Spatial autocorrelation analysis can be used with binary, as well as continuous, data to analyze the spatial patterns of disease incidence between quadrats (22). Madden and Hughes (30) suggested that for analysis of disease incidence data, the simultaneous study of correlations both within (such as that provided by beta-binomial distribution analysis) and between quadrats (such as provided by spatial autocorrelation analysis) presents interesting new possibilities for epidemic quantification. The combination of these spatial analyses provides a means to examine epidemics at multiple spatial scales and has been applied to another citrus disease (19) . Due to the recent occurrence of the disease, studies on the spatial and temporal dynamics of CSD have not been done previously. In the absence of a known causal agent for CSD, the purpose of this paper was to examine the spatial, temporal, and spatiotemporal dynamics of CSD as a tool to generate hypotheses concerning its etiology. We are aware that a spatial pattern does not necessarily indicate the process from which it originated (40) . The basic premise of this study is that the spatial and temporal patterns of diseases of unknown etiology can, after a comparative epidemiological analysis with patterns shown by well-characterized diseases (like citrus tristeza, for example), supply useful indications that might help elucidate its etiology well before the time required for its experimental confirmation (41) .
MATERIALS AND METHODS
Data collection. The spatial pattern of CSD (incidence of symptomatic plants) was visually monitored in 41 citrus plots (i.e., a block within a grove) located in Minas Gerais and São The number of plants in each plot ranged from 360 to 5,952. Each plot was composed of sweet orange (cvs. Hamlin, Natal, Valencia, Pera, or Westin) grafted on Rangpur lime (Table 1) . Incidence of CSD was assessed by visual inspection of the canopies of all trees in each plot. Diagnosistic confirmation of CSD, when necessary, was done through the characteristic yellow stain in the phloem of diseased Rangpur lime rootstock (16) . The location of each symptomatic tree and the date when the symptoms appeared were recorded for each of the maps.
The temporal progress of CSD was monitored in nine plots (102A, 107C, 107D, 107E, 110C, 120, 202, 213, and 303) located in the county of Comendador Gomes, Minas Gerais. Visual assessments were made for a minimum of four and a maximum of 14 dates per plot to determine the incidence of symptomatic plants between March 2001 and February 2002 . Of the nine monitored plots, five were planted with 'Pera', two with 'Valencia', one with 'Westin', and one with 'Natal'. All were grafted on Rangpur lime (Table 1) .
Spatial analysis. Binary (presence/absence) spatial maps of CSD were prepared for all assessment dates for each plot. For the first level of spatial hierarchy, ordinary runs analyses were performed on each data set to determine if aggregation existed between adjacent symptomatic trees within rows and across rows with the use of a Visual Basic EXCEL macro (32; T. R. Gottwald, unpublished data). A nonrandom pattern (i.e., aggregation) of symptomatic trees was assumed if the observed number of runs was less than the expected number of runs at P = 0.05. When data are expressed as disease incidence, the beta-binomial distribution provides the best adjustment for random conditions (30) . Randomness within quadrat was thus assessed via beta-binomial analysis. The beta-binomial index of dispersion (D) was used to test for the presence of randomness of CSD-symptomatic trees at each quadrat size (30) . For the beta-binomial index, a large index of dispersion (D > 1) combined with a small probability (P < 0.05) suggests aggregation of symptomatic trees (30) . The intraclass correlation (k), which measures the tendency of the plants within a sampling quadrat to have a similar disease status, was also used to test for the presence of randomness of CSD-symptomatic trees at each quadrat size. Positive values of k indicate aggregation of disease; k is related to the index of dispersion (D) by k = (D -1)/(n -1), where n is the quadrat size (42) .
The binary form of Taylor's power law (26) relates the observed variance (v obs ) and the expected binomial variance (v bin ) for a random distribution of binary data. In this case, log(v obs ) = log(A) + blog(v bin ), where A and b are parameters. Linear regression was performed for all plots using the least squares method, and the significance of the relationship between log(v obs ) and log(v bin ) was determined by the F test, and the appropriateness of the model was evaluated by the coefficient of determination ( 
In the third level of spatial hierarchy, the strength and directionality or orientation of aggregation among quadrats of various sizes containing symptomatic citrus trees for plots 107C, 107D, 107E, 110C, 120, 202, 213, and 303 were examined with spatial autocorrelation analysis (23) . The x,y spatial location and disease incidence of trees for each quadrat size on each assessment date in the individual citrus plots were used as input data. Autocorrelation proximity patterns were calculated consisting of positively (SL+), negatively (SL-), and noncorrelated lag positions from which an evaluation of spatial patterns of disease incidence was performed. The size and shape of core and reflected clusters of SL+ were calculated, in which a core cluster is a group of significant, positively correlated (P = 0.05), spatial lag distance classes that form a discrete and contiguous group with the origin (i.e., lag [0.0]) of the autocorrelation proximity pattern; a reflected cluster is a discrete group of two or more contiguous significant positive lag positions discontiguous with the origin and the core cluster. The strength of aggregation is a measure of the saturation of the core clusters with significantly positive lags (i.e., the proportion of lag positions within the extents of the cluster that were significantly positive). Row effects were evaluated as the number of significant lag positions within the first row (within) or within the first column (across) of the autocorrelation proximity pattern that are contiguous with the origin (6, 19, 40) .
Temporal analysis. The incidence of CSD (number of symptomatic plants divided by the total number of plants) for each evaluation date in each plot having multiple assessment dates (102A, 107C, 107D, 107E, 110C, 120, 202, 213, and 303) was plotted against time. Daily records of rainfall were collected from locations in close proximity to the evaluated plots. An estimate of the rate of disease increase during the study period with the Gompertz model was obtained using the first and the last value of incidence for five of the nine plots (102A, 107C, 107D, 107E, and 303). The rates calculated in this way for CSD are directly comparable with annual rates (between first and second year) of other diseases (like citrus tristeza) published in the literature.
RESULTS
Spatial arrangement of CSD-symptomatic trees. The first level of spatial hierarchy examined was the association of symptom status between adjacent trees (Table 2) . Overall, for the 98 maps examined (Fig. 1 , maps of plots 303 and 107C, as example), aggregation within rows was detected in 81.6% of the maps (Table 2 ; Fig. 2A ) and aggregation across rows was detected in 57.1% of the maps (Table 2 ; Fig. 2B ). From the 2,176 rows tested, 349 were aggregated (16.0%). From the 5,128 across rows tested, only 167 were aggregated (3.2%) ( Table 2) . Aggregation between symptomatic adjacent plants increased with the increase in CSD incidence ( Fig. 2A and B) , especially in older plots (Fig. 2C) .
The next level of spatial hierarchy examined was the association of symptomatic plants within quadrats of various sizes. The interpretation of the values of the beta-binomial index of dispersion (D) suggests a spatial structure of symptomatic plants significantly nonrandom (i.e., aggregated) for the majority of the plots and quadrat sizes tested (Table 2) , especially between incidence values of >0.01 and <0.9, independently of the size of the quadrat (Fig. 3) . D values were usually higher for the largest quadrat sizes, with averages of 1.23, 1.69, and 3.24 for 2 by 2, 4 by 4, and 8 by 8 quadrat sizes, respectively. The interpretation of the values of the intraclass correlation (k) also suggests a spatial structure of symptomatic plants significantly nonrandom for the majority of the plots and quadrat sizes tested (Table 2) , especially for higher incidence values, independent of the quadrat size (Fig. 3) . k values became smaller as quadrat sizes increased, indicating less interclass correlation (saturation) at higher quadrat sizes (Table 2 ; Fig. 3) .
The relationship between log(v obs ) and log(v bin ) was highly significant (P < 0.001) for the three sizes of quadrat (Fig. 4) . Estimates of b and A were, respectively, 1.07 (SE = 0.01) and 0.22 (SE = 0.02) for the 2 by 2 quadrat (R 2 = 0.99); 1.20 (0.02) and 0.69 (0.05) for the 4 by 4 quadrat (R 2 = 0.97); and 1.54 (0.09) and 2.17 (0.32) for the 8 by 8 quadrat (R 2 = 0.92). All estimates of b and A were statistically different from 1 (P < 0.05), which indicated a general and significant pattern of aggregation of symptomatic plants within all quadrat sizes tested. Values of b higher than 1 also indicated that the degree of aggregation was a function of incidence. These results support those obtained with the betabinomial index of dispersion, i.e., plants with CSD symptoms show aggregation at relatively low incidence, and aggregation intensifies with time as a consequence of increase of CSD incidence.
The final level of spatial hierarchy examined was the association among groups (quadrats) of trees as estimated by spatial autocorrelation. Spatial autocorrelation analyses results indicated that core clusters existed for quadrat sizes 2 by 2 and 4 by 4 for most plots examined (Table 3) ; analyses for quadrat size 8 by 8 could not be performed because the majority of plots were too small. The number of significant spatial lags in the core clusters tended to increase as CSD incidence increased, i.e., larger core clusters tended to occur later in the epidemic. When core clusters existed, they tended to exist for both quadrat sizes tested for specific assessment dates. As expected, quadrat size 2 by 2 more often corresponded to the largest core cluster sizes.
In the majority of cases, core clusters were complete (i.e., saturated with significant positive lags) (Table 3 ). However, in those cases in which core clusters were not completely saturated, strength of aggregation varied from 0.57 to 0.87 and was often associated with an asymmetry of the core cluster. No trends in strength of aggregation of the core clusters were noted over time for any quadrat size by plot combination.
Row effects were detected by spatial lag autocorrelation for most plots (Table 3) . Although both within-and across-row effects were detected, when within-row effects existed, they were often stronger. Additionally, within-row effects were more frequently detected (100% of cases for 2 by 2 and 62.5% for 4 by 4 quadrat sizes) than across-row effects (50% of cases for 2 by 2 and 37.5% for 4 by 4 quadrat sizes). When row effects were detected in both 2 by 2 and 4 by 4 quadrat sizes for a given assessment, row effects were often stronger for 2 by 2 quadrat size. Reflected clusters were very rare for all proximity patterns tested and transient with respect to time. Significant edge effects were detected in 3 of 16 plots for both quadrat sizes (Table 3) .
CSD temporal progress. From the nine plots assessed (Fig. 5 ), five showed low disease incidence (<0.05) in August 2001 (plots 102A, 107C, 107D, 107E, and 303). The other plots were assessed either in October or November. An association between the start of the increase of disease incidence and the beginning of the rainy season was found in the five plots with low incidence of disease in August 2001 (Fig. 5) . The beginning of the rainy season in this region corresponds with the period when citrus trees produce the maximal flush of tissues.
The estimated rates of disease increase during the study period, predicted by the Gompertz model were 0.37 (102A, 'Pera'), 0.85 (107C, 'Pera'), 0.78 (107D, 'Pera'), 1.43 (107E, 'Pera'), and 2.02 (303, 'Valencia').
DISCUSSION
The main goals of this study were to examine the spatiotemporal relationships of CSD-symptomatic trees, including the relationship of newly symptomatic to previous symptomatic trees; to examine the size, shape, and change of spatial patterns of symptomatic trees; and to use this information to make inferences about the etiology of the disease.
For the majority of plots and assessment dates, aggregation among symptomatic trees was detected by ordinary runs analysis. These findings indicate that symptomatic trees influence the status of immediately adjacent trees, the influence being more pro- 
-borne pathogen. The higher aggregation of trees within rows, especially in plots where canopies are in contact, reinforces this hypothesis. Gottwald et al. (21) described a higher aggregation of trees affected with CTV when tree growth eventually leads to a closure of the canopy, presumably due to nonalate aphids crawling from tree to tree within rows.
The next level of spatial hierarchy examined was the association of symptomatic trees within quadrats of various sizes. Interpretation of both the beta-binomial index of dispersion, D, and the intraclass correlation, k, values suggested a significant nonrandom spatial structure (i.e., aggregation) of symptomatic trees occurred for most plots and quadrat sizes over time when the disease incidence was >0.01 and <0.9. For all plots on single assessment dates for which aggregation was indicated at more than one quadrat size, significant D values were greater and k values were smaller for larger quadrat sizes. For the latter case, this may mean that the 2 by 2 quadrat size is the most representative of the average focus size.
Estimated parameters of the binary form of Taylor's power law suggested an overall aggregation of CSD-symptomatic trees, with b > 1 for all quadrat sizes examined. Because b for all quadrat sizes was significantly larger than 1, aggregation at individual times in each plot was predicted to depend on disease incidence (27, 42) . Also in this case, the values of parameters b and A increased with quadrat size. The positive relationship between aggregation and incidence of symptomatic trees is consistent with the hypothesized behavior of a vector, that is, at low incidences (<0.01), spatial patterns typically were judged to be random, which is consistent with viruliferous vector activity originating from sources external to the plot (21) . The trend toward greater and more significant aggregation at higher incidences would then be the result of a predominance of movement of vectors within plots, but mostly among neighboring plants within or across rows, as found in other pathosystems involving a prokaryote or virus pathogen transmitted by a vector (17, 19, 21, 32) . Xu and Ridout (42) point out from simulation studies that aggregation increased
The final spatial scale investigated was the association among quadrats of similar CSD status as determined by spatial autocorrelation, i.e., to examine longer-distance spatial relationships. The existence of core clusters was indicative of a relationship of CSD status among immediately adjacent quadrats. The strength of aggregation values at or near 1.0 for many dates and quadrat sizes when core clusters existed can be interpreted as a strong general association among quadrats within a given area of influence. For the 2 by 2 quadrat size, this relationship often extended to one to three lag positions within row, across row, and at a diagonal. For the 4 by 4 quadrat size, for the same plots and assessment dates, this relationship also existed but was less extensive, as expected, and indicated approximately the same area of influence of similar CSD status. Thus, the area of influence of like-CSD status had a radius of two to six tree spacings. This area of influence can be thought of as the area for local CSD spread. In most of the cases, the core cluster was more extensive within rows than across rows, indicating that an elliptical rather than a circular area of influence existed. The within row predominance was consistent with an interlocking canopy among adjacent trees within rows, as described previously for CTV (21) .
The general lack of reflected clusters of significant positive lags indicated that relationships among lags discontinuous from the core cluster were rare. Thus, longer-distance discontinuous relationships among quadrats of similar status were not prevalent. However, had larger plot sizes been used, it is possible that longer-distance relationships may have been detected. Such relationships need to be investigated in the future, but will be costly in time and resources and are beyond the scope of this study.
In the five plots (102A, 107C, 107D, 107E, and 303) with low disease incidence (<0.05) in August 2001, the beginning of the disease progress curves was associated with the beginning of the rainy season and coincided with the period of highest flushing of the citrus trees. In CSD, the disease process may have started many months prior to the symptoms expression. In field condi- tions, CSD symptoms are noticeable only in trees older than 22 months (N. Gimenes-Fernandes, unpublished data). The cultivars of citrus differ in the level of expression of symptoms to CSD. Preliminary information from commercial orchards indicates a higher susceptibility for 'Valencia' compared with 'Pera' (N. Gimenes-Fernandes, unpublished data). The disease rates calculated between 2001 and 2002, using the Gompertz model (plots 102A, 107C, 107D, and 107E for 'Pera' and plot 303 for 'Valencia'), support this observation.
It is worthwhile to compare the epidemiological behavior of CSD and CTV. Citrus tristeza is a complex pathosystem. Isolates of CTV vary greatly in symptom expression, and a multitude of interactions can occur due to various combinations of the virus, host (scion/rootstock), aphid vector species, and environment. One of the most destructive diseases of citrus, CTV decline is caused by certain CTV isolates that elicit a graft union incompatibility when infected sweet orange scions are grafted onto sour orange rootstocks (2, 37) . In Brazil, citrus tristeza was first detected in 1937 and destroyed all of the trees grafted on sour orange rootstocks (around 9 million) in the following years. The problem was solved by substituting sour orange by Rangpur lime as rootstock. More than 85% of the 180 million citrus trees in Brazil today are grafted on Rangpur rootstock. Since 1937, the main CTV vector in Brazil has been the brown citrus aphid, Toxoptera citricida, but numerous other aphid species exist as well (10, 38) .
Spatial analyses of CTV epidemics have been conducted previously in several countries, but mostly in absence of T. citricida. In these studies, Aphis gossypii was believed to be the major vector (1,7,8,11,13,18,21,24,28,33 ). More recently, with the dissemination of T. citricida to other regions, epidemiological studies have been conducted in the presence of this vector (19, 21, 25) . For epidemics in the presence of T. citricida, the hypothesis that CTV spatial arrangement is random was rejected, at least for the spatial scales studied. The binomial index of dispersion, D, for various quadrat sizes suggested aggregations of CTV-positive trees for all plots within the quadrat sizes tested (including 2 by 2 and 4 by 4). Spatial autocorrelation analysis of proximity patterns suggested that aggregation often existed among quadrats of various sizes up to four lag distances, but significant lag positions discontinuous from the main proximity patterns were rare. Some asymmetry was also detected for some spatial autocorrelation proximity patterns. Gottwald et al. (19) interpreted these results to mean that, although CTV-positive trees did not often influence immediately adjacent trees, virus transmission was common within a local area of influence that extended two to eight trees in all directions. A pattern indicating aggregation of CTV-infected trees was also apparent from the Taylor binary law applied to these data (25) .
Comparison of spatial patterns of CTV-infected trees in the presence of T. citricida and CSD-symptomatic trees reveals remarkable similarities (19, 21, 25) . The beta-binomial index of dispersion, D, for both diseases indicated a spatial structure of CSD-symptomatic and CTV-infected trees significantly nonrandom. For quadrat size 2 by 2, the mean values of D were 1.23 for CSD (98 data sets), 1.27 for CTV in the Dominican Republic (28 data sets), and 1.19 for CTV in Costa Rica (26 data sets). For quadrat size 4 by 4, mean values of D were 1.69 for CSD, 1.99 for CTV in the Dominican Republic, and 1.55 for CTV in Costa Rica [Gottwald et al. (19) for the Dominican Republic and Costa Rica data]. Similarly, for quadrat size 2 by 2, the Taylor law for binary data produced almost identical results for CSD and CTV: b = 1.07 and A = 0.22 for CSD (98 data sets) and b = 1.07 and A = 0.23 for CTV (15 data sets) (25) .
Also, for spatial lag correlation analyses the results for CSD and CTV (19) are remarkably similar: (i) core clusters for quadrat sizes 2 by 2 and 4 by 4 were identified for most plots in both diseases; (ii) core clusters were complete (i.e., saturated with significant positive lags) in the majority of cases for both diseases; (iii) the area of influence of like-CTV status had a radius of four to eight tree spacings compared with two to six tree spacings for CSD; and (iv) reflected clusters were very rare for all proximity patterns tested and transient with respect to time for both diseases.
Conversely, differences in spatial pattern between sudden death and tristeza diseases were found at the first spatial scale, i.e., among immediately adjacent trees within and across rows. For tristeza in Costa Rica and the Dominican Republic, Gottwald et al. (19) , using ordinary runs analysis, failed to show a spatial relationship of virus status among immediately adjacent trees within or across rows. For CSD, we detected by ordinary runs analysis a consistent pattern of aggregation within rows. This pattern was also confirmed in our spatial autocorrelation analysis. This discrepancy is most likely related to the age of the plots analyzed and probably does not reflect any real difference between both pathosystems. While in the tristeza plots of Costa Rica and the Dominican Republic, plantings ranged from 1 to 5 years old (19) , in our CSD plots 73% of plantings were older than 10 years. The effect of plant age on the aggregation of CTV-infected trees was already reported in the literature (20) . In Israel and Florida, with A. gossypii as the main vector, aggregation of infected trees was only detected from the time that tree canopies grew together within the row, probably due to the movement of virus-carrying aphids that crawl along the continuous canopy of citrus branches. This is unlikely to have occurred in Costa Rica and the Dominican Republic plots because plants were too young and did not have interlocking canopies, but was evident in our plots.
The Gompertz annual disease progress rates reported in this paper for CSD (mean of 0.85 for cv. Pera and 2.02 for cv. Valencia), despite being preliminary, are compatible with calculated rates for CTV published in the literature with T. citricida as the main vector: a rate of 0.64 was reported for Brazil (3) and rates from 1.1 to 1.5 were reported for Costa Rica and the Dominican Republic (19) . However, it must be noted that disease assessments for CSD were made visually, whereas for CTV in the indicated studies, disease incidence was determined serologically.
In plant pathology, the use of epidemiological analyses to generate hypotheses concerning the etiology of new diseases, with few exceptions (4, 29, 39, 43) , have seldom been used. In this paper, we, like Sonoda et al. (39) , consider that the knowledge of the spatial and temporal patterns of diseased plants is a useful starting point in studying the etiology of plant diseases. We also agree with Waggoner and Aylor (41) when they say that "epidemiologists are detectives," detectives of patterns.
Search for a causal agent in CSD-symptomatic trees including fungi (N. Gimenes-Fernandes and E. Feichtenberger, unpublished data), endogenous bacteria and phytoplasmas (M. Garnier, I. P. Bedendo, and M. A. Machado, unpublished data), and viroids (N. Duran-Vila, unpublished data) produced negative results. Only CTV was seen by electron microscopy (E. W. Kitajima, unpublished data) and detected by serological methods (J. A. M. Rezende, M. A. Machado, and M. Cambra, unpublished data) and by double-stranded RNA patterns (P. Moreno, unpublished data) in all samples examined, from both symptomatic and asymptomatic trees. CTV is prevalent in all citrus areas in Brazil and present in virtually all trees; about 80 million Pera/Rangpur lime trees are preimmunized with a mild strain of CTV in Brazilian orchards to cross-protect them from more severe CTV isolates (38) . Based on these facts on the symptoms of the disease, combined with the spatial and temporal patterns described in this paper, one hypothesis is that CSD may be caused by an insectvectored pathogen, such as an undescribed new strain of CTV. Unfortunately, if a new strain of CTV has invaded the Brazilian citrus industry, it would be undetectable at this time due to our inability to discriminate it from known Brazilian CTV isolates with current serological assays and molecular probes. The hypothesis is thus untestable but still fits well in the concept currently gaining popularity that CTV may actually be a group of related viruses rather than a single entity (12) . Although the hypothesis of a new vectored pathogen, such as a virus, can explain most known characteristics of CSD to date, it is important to remember that the purpose of a hypothesis is only to guide experiments to confirm or reject it. The similarities of spatial patterns of CSD and CTV is striking and should not be ignored, because their analyses and inferences give clues to the underlying spatial processes and thus possible etiology and causation of CSD. However, they are not conclusive in the absence of an identified pathogen.
